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SUMMARY
Cables are an integral part of many engineering systems; thus, the control of cables
and systems containing cables is an important problem to address. This thesis proposes
to use command shaping techniques to reduce command-induced vibration in two cabled
systems, a tower crane and an electrodynamic tethered satellite system in low Earth orbit.
Systems containing cables often exhibit important nonlinear dynamics, which complicates
the application of command shaping.
As a first step to demonstrate the effectiveness of command shaping techniques for non-
linear cabled systems, nonlinear tower crane dynamics are investigated. A novel command
generation technique for the slewing of tower cranes is presented, and experimental results
demonstrate its increased effectiveness. Once improvement of tower crane dynamics has
been demonstrated, space tether dynamics are considered.
Electrodynamic tethers have the promise to become invaluable propulsive actuators for
orbit boost and station keeping. Using electrodynamic tethers, it is possible to boost orbits
without the use of propellant because electrical energy is used to produce a Lorentz force
that creates orbit boost. Furthermore, electrodynamic tether deboost makes it possible to
accelerate the deorbiting of spent rocket stages and other space debris to reduce clutter in
the space environment. Unfortunately, the Lorentz force pushes transversely on the cable
tether, thereby producing a significant amount of vibration and libration.
This thesis proposes to use command shaping techniques to reduce the command-
induced vibration from a boosting operation. Intelligent command generation will sig-
nificantly reduce the amount of tether libration and string vibration. First, flexible tether
dynamics in a constant, circular orbit are investigated. The work is then expanded to in-
clude the effects of orbit boosting. The robustness of the command generation techniques




Cables are an important part of many engineering systems. Cable-driven robots have re-
ceived a lot of attention lately as a promising way to achieve high-speed motion in large
working areas with relatively little hardware [5, 6, 11, 13]. For example, cable-suspended
cameras have been successfully implemented in many sports arenas to get a “first-person”
perspective of the action.
In addition to parallel platform type devices, axially moving string models can be ap-
plied to high speed elevators, cranes, space tethers, and other systems. Cables allow cranes
to easily hoist and move large payloads, but their flexibility leads to complicated oscillation
problems. Numerous applications exist for cable tethers in space. The space environment
further complicates their dynamics with gravity gradient effects and the absence of signifi-
cant damping. This lack of damping combines with long periods of oscillation to present a
very challenging control problem.
Much work has been done in the area of controlling strings, which are essentially very
lightweight cables. Zhang and Chen derived a feedback control law for controlling transverse
vibrations in axially moving strings actuated via a tensioner. This is readily applicable to
vibration reduction in a serpentine-belt drive system [46]. Yang, et al. developed a robust
boundary controller using hydraulic actuation at one boundary to accomplish the same
objective [45]. Alli and Singh used Lyapunov and frequency domain approaches to design
controllers for rest-to-rest motions of a bar governed by the wave equation. They used root-
locus techniques to determine optimal controller gains for collocated and non-collocated
sensor-actuator pairs [1].
This thesis develops intelligent command generation techniques for the control of two
systems containing important cable dynamics. First, a novel command shaping approach
for tower crane slewing motion is presented. Experimental results on a portable tower crane
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[15] at the Tokyo Institute of Technology are used to verify the effectiveness of the proposed
approach. Then, novel input shaping techniques are applied to nonlinear space tether
dynamics. The effectiveness of these techniques is tested on dynamic models obtained from
the pre-existing literature and from a joint collaboration with Lockheed Martin Advanced
Technology Center.
1.1 Input Shaping
Input shaping is a method of command filtering that allows many oscillatory systems to be
moved without inducing residual vibration. Input shaping is implemented by convolving
a series of impulses, known as the input shaper, with a desired reference command. This
produces a command that will drive the system while limiting residual vibration [33, 23].
This process is illustrated in Figure 1 with a step reference input. Input shaping is at-
tractive because detailed system knowledge is not necessary: only estimates of the natural
frequencies and damping ratios of the dominant modes of vibration are required to design
the input shaper.
Input shaping relies on the superposition of impulse responses of a second-order system
to reduce residual vibration. To design the input shaper, a measure of the residual vibration
as a function of the shaper is needed. The response of a second-order harmonic oscillator
of frequency ω and damping ratio ζ to a series of n impulses is divided by its response to a
single impulse to obtain this measure. This percentage vibration is given by [23]
V = e−ζωtn
√
[C (ω, ζ)]2 + [S (ω, ζ)]2 (1)
where






















and Ai and ti are the amplitudes and time locations of the impulses.
The earliest form of input shaping was developed by O. J. M. Smith in the late 1950’s










Figure 1: Input shaping process
inputs of smaller magnitude, one of which is delayed by one-half period of vibration. This
will cause destructive interference in the responses to each step input and theoretically
cancel all vibration induced by each input. This is equivalent to convolving the original
step with two impulses. These impulses are designed by satisfying (1) with V set to zero,
ensuring zero residual vibration with a perfect model. For this reason, the shaper designed
with these constraint equations is generally referred to as the Zero-Vibration (ZV) shaper
[33, 23]. On closer investigation, to make (1) equal zero, both (2a) and (2b) must equal
zero independently. This yields two constraint equations. In order to fully specify the times
and amplitudes of the two impulses of the ZV shaper, more constraints are needed. To
make sure that the shaped commands will be bounded and have the same setpoint as the
unshaped commands, the impulse magnitudes are generally required to be positive and to
sum to one. That is,
Ai > 0 ,
n∑
i=1
Ai = 1 (3)
In order to maximize the performance of the input shaper, the first impulse is set to occur
at time t1 = 0 and the time of the last impulse, tn is minimized. This is enough to fully
constrain the ZV shaper, and the impulse times and amplitudes are given by [33, 23] Ai
ti
 =
 11 +K K1 +K
0 0.5Td







and Td is the damped period of vibration.
While the ZV shaper will theoretically yield zero-vibration at the modeling frequency, it
is very sensitive to modeling errors [38]. This sensitivity to modeling errors prohibited the
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ZV shaper from practical use on many systems. Singer and Seering were the first to develop
an input shaping technique robust enough to be used in practical applications. To reduce
the sensitivity of the input shaper to errors in natural frequency, they set the derivative of
the vibration with respect to the natural frequency to zero at the modeling frequency. This











Enforcing this constraint on residual vibration requires the addition of another impulse.
This yields the following impulse times and amplitudes [23]: Ai
ti
 =




 , i = 1, 2, 3 (7)
where K is the same as before. The time penalty incurred for the added robustness of
this shaper is one extra half-period of vibration, as can be seen from the impulse time
locations in (7). Because this shaper adds the robustness constraint of zero-derivative at
the modeling frequency, it is called the Zero-Vibration and Derivative (ZVD) shaper. This
process of setting derivatives equal to zero can be continued with higher order derivatives.
Each higher order derivative constraint requires the addition of another impulse. This
increases the robustness of the shaper while continuing to lengthen the shaper, thereby
increasing the rise time of the system.
The robustness of various input shapers can be examined graphically through the use of
sensitivity curves. These plots graph the percentage residual vibration against the normal-
ized frequency of vibration, ωa/ωm, where ωa is the actual system natural frequency and
ωm is the modeling frequency. Figure 2 shows the sensitivity curves for several common
shapers. The solid line corresponds to the ZV shaper given in (4), the dashed line corre-
sponds to the ZVD shaper given in (7), and the others correspond to shapers which will
soon be described.
In order to increase the robustness of input shapers without adding impulses, the vi-
bration constraint at ωm can be relaxed. If, instead of forcing the vibration all the way

























Figure 2: Sensitivity curves for common shapers
be more robust. This shaper design is known as the Extra-Insensitive (EI) shaper [27, 31].
This shaper is constrained by setting the vibration (defined by Equation (1)) equal to Vtol
and the derivative of the vibration with respect to frequency equal to zero at the model-
ing frequency. The vibration is then forced to zero at one frequency on either side of the
modeling frequency. This produces the hump seen in Figure 2. This shaper increases the
robustness to modeling errors by relaxing the unreasonable constraint of zero vibration at
the unattainable condition of perfect modeling.
This idea can be extended to the area of Specified-Insensitivity (SI) shapers [24, 32].
The insensitivity of a shaper is defined as the width of the sensitivity curve which lies below
a certain vibration threshold. Thus, the 5% insensitivity is the width of the curve which
lies completely below 5% residual vibration. If a certain insensitivity is desired, then the
shaper constraint equations can be formulated to attain it. An example of this shaper is
also illustrated in Figure 2 with a 5% insensitivity of 0.7, that is, the normalized vibration
is suppressed for a frequency ratio of 0.65 to 1.35 (1.35− 0.65 = 0.7).
1.1.1 Negative Amplitude Input Shapers
All of the previous shapers have been designed by requiring all of the impulse amplitudes
to be positive. Other magnitude constraints can be set to bound the impulse amplitudes. If
the impulse amplitudes are assumed to be ±1, then the result is a family of shapers known
as Unity-Magnitude input shapers. The Unity-Magnitude Zero-Vibration (UMZV) shaper
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for undamped systems is given by [28] Ai
ti
 =
 1 −1 1
0 T/6 T/3
 , i = 1, 2, 3 (8)
This reduces the shaper duration from T/2 (for a positive ZV shaper) to T/3. This decrease
in rise time, however, comes with the penalty of high-mode excitation and increased actuator
effort. A UMZV shaper may amplify vibration in frequencies higher than the modeling
frequency, as can be seen in Figure 3. This high-mode excitation can be alleviated by
reducing the magnitude of the negative impulse. By lowering the magnitude, the high-
mode excitation is reduced, at the penalty of a slight increase in the system rise time [29].
1.1.2 Input Shaping for Multiple Modes of Vibration
There are also ways to use input shaping to reduce vibration in multiple modes. One way is
to design shapers for each individual mode and then convolve them together [12, 26]. The
resulting shaper will provide the same vibration reduction at the desired frequencies, with
added robustness for higher mode excitation. Another way to design the shaper is to solve
the constraint equations for the two modes simultaneously. This method results in vibration
reduction near the modeling frequencies, but does not yield as much suppression of the high





















Figure 3: High-mode excitation of UMZV shapers
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often significantly shorter. This advantage in speed can be important for slow oscillations
[26].
1.1.3 Applications of Input Shaping
Input shaping can be very helpful for reducing vibration in a number of mechanical systems.
Two systems of special note included here are cranes and flexible spacecraft. Both cranes
and flexible spacecraft often oscillate with long periods and have little to no damping. This
means that any vibration induced in the system will continue for a long time unless actively
controlled. Thus, input shaping can be extremely useful in reducing command-induced
vibrations and increasing the speed and accuracy of these systems.
Singer, Singhose, and Kriikku implemented input shaping on a gantry crane at the Sa-
vannah River Technology Center [22]. Fixed Duration (FD) shapers were implemented on
this crane, in which the shaper time was held fixed while the robustness to modeling errors
was maximized. This process creates a set of shapers for different payload lengths with
identical response times. Constant response times are desirable from an operator stand-
point, as they do not have to adjust for variable deceleration times. Smith et al. applied
robust input shaping to trajectory tracking of payloads suspended from multiple robot ma-
nipulators [34]. Hong and Hong showed simulation results for point-to-point motions of
container cranes using a deflection-limiting input shaping technique and nonlinear vibra-
tion stabilization control. This two-stage control scheme successfully limited transient sway
angles and residual payload vibration, increasing the speed of container motions [9].
Input shaping has also been studied extensively for applications to flexible spacecraft.
Singhose, Bohlke, and Seering developed fuel-efficient pulse profiles for the slewing of flexible
spacecraft with on-off reaction jets. These command profiles use all positive pulses in the
acceleration phase of rest-to-rest moves and all negative pulses in the deceleration phase.
This results in considerable fuel savings with only minimal time penalties versus the time-
optimal solutions [30]. Singhose, Banerjee, and Seering applied ZVD constraints to the fuel-
efficient slewing of flexible spacecraft while also limiting transient deflection. The method
was used to drive the slewing of the waves in space plasma (WISP) antennae simulation with
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excellent transient and residual vibration response [25]. Singhose, Derezinski, and Singer
introduced one- and two-hump EI shapers for movement of flexible spacecraft with on-off
reaction jets. They developed EI shapers for rest-to-rest slews and compared them with
ZV and ZVD equivalent shapers. These shapers demonstrated excellent vibration reduction
when driving the Draper Laboratory’s simulation of the Space Shuttle and its telerobotic
manipulator [31].
Hu and Ma applied a technique similar to input shaping called component synthesis
vibration suppression (CSVS) combined with Positive Position Feedback (PPF) piezoelectric
sensing and actuation to suppress vibration of a slewing spacecraft with on-off thrusters
[10]. Banerjee, Pedreiro, and Singhose applied ZVD shaping to the problem of momentum
dumping of spacecraft reaction wheels. They also proposed using thrusters to aid in slewing
maneuvers while simultaneously dumping momentum. This reduces the time required to
slew, eliminates the time required for separate momentum dumping, and uses the same
amount of thruster fuel as separate maneuvers. Input shaping is shown to reduce vibration
from this maneuver on a model of the next generation space telescope [3].
Watanabe et al. applied input shaping to electrodynamic tether operations. Two cases
of satellite deorbit and one case of International Space Station reboost were considered
in their investigation. Input shaping was shown to drastically reduce tether libration and
string vibration during the maneuvers. Robustness of the control system to variations in
system parameters was also demonstrated [41].
1.2 Tethers in Space
Although cranes represent a ubiquitous cable-based mechanism on Earth, very few space
structures use cable-driven technology. However, the advancement of space tether tech-
nology has the potential to change the face of space exploration. It offers the promise of
propellantless propulsion using electrodynamic forces. If a current is passed through a long
conducting wire traveling through the Earth’s magnetic field, a Lorentz force is generated
perpendicular to both the current and the magnetic field lines. If this force can be har-
nessed to boost a spacecraft’s orbit, it could extend the useful life of the craft significantly,
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greatly reducing the need for refueling missions. However, the proposed tethers can be ex-
tremely difficult to control during all phases of their operation, deployment, retrieval, and
electrodynamic propulsion. Due to their extreme length and high flexibility, these tethers
exhibit very complicated dynamics. Currently, the libration and vibration of space tethers
is a major roadblock to mission feasibility.
One of the major applications being considered for electrodynamic tethers is reboost of
the International Space Station (ISS). Vas, Thomas, and Scarl performed a study of the
application of tether reboost to the ISS. They predicted savings of nearly a billion dollars
of propellant over 10 years of operation. They also predict the tether to have little effect
on the operation of the space station [40]. Estes, et al. also included a study in their paper
in 2000 on bare tether electron collection [7].
Another application of tether reboost is the momentum exchange–electrodynamic re-
boost (MXER) tether system. This system proposes a spinning tether in a highly elliptical
low earth orbit (LEO) [36]. This tether would rendezvous with and attach to a smaller satel-
lite and release it after a half-rotation, exchanging momentum and increasing the velocity
of the smaller satellite. This will boost the target satellite into a higher orbit and eliminate
the need for a second booster rocket, decreasing the cost of launching satellites into high
earth orbits. This process is illustrated in Figure 4. The target satellite is approaching for
rendezvous in Figure 4(a) and the tether grasps the target in 4(b). It holds the satellite for
one half-rotation and releases it in 4(d), transferring momentum to the target satellite. For




Figure 4: Momentum exchange process
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the MXER system to be worthwhile, however, it must have a cost-efficient way to regain
the momentum transferred to the satellite. Because electrodynamic reboost requires only
electrical power that comes from onboard solar panels, it offers the sustainability necessary
to justify the expense of the MXER system.
One of the issues in electrodynamic tether propulsion is generating the electrical currents
necessary to produce the boost forces. This requires the collection of electrons from the
ionosphere, as well as their expulsion back to the ionosphere. While electron guns generally
provide the electron emission, there are several possible ways to collect electrons. One
of the simplest ways to do this is to use a positively biased spherical electron collector.
An idea receiving more attention recently is to use a portion of the tether itself to collect
electrons. Estes et al. did a study highlighting the mass and power savings possible by using
a bare tether to collect electrons [7]. Estes, Sanmart́ın, and Mart́ınez-Sánchez analyzed
the performance of bare tether electron collection under varying environmental conditions.
They found that bare tethers can collect current in a more efficient regime than spherical
conductors. Bare tethers also have self-regulating characteristics which make them relatively
insensitive to variations in ionospheric plasma density [8].
1.2.1 Stability Analyses of Electrodynamic Tethers
The complicated interactions inherent in electrodynamic tether operation give rise to equally
complicated questions of their stability. Peláez and Andres investigated the stability of inert,
hanging tethers in inclined, elliptical orbits. They found that, because the local vertical in
elliptical orbits does not rotate uniformly, a hanging tether will not have a naturally stable
equilibrium point. Instead, it will have families of periodic solutions. Peláez and Andres
characterized the stability of these equilibrium solutions based on orbital inclination and
eccentricity [18].
Somenzi, Iess, and Peláez performed a linear stability analysis of electrodynamic tethers
in inclined, circular orbits. While they used a less complicated, linear approximation of the
tether dynamics, they employed very accurate models of the Earth’s geomagnetic field to
shed light on some of the causes of instability in electrodynamic tethers. They found that
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variations in ionospheric density and the geomagnetic field in inclined orbits add harmonic
forcing terms that resonate with both librational and vibrational modes, causing instability.
Coupling of the in- and out-of-plane dynamics further complicate the dynamics [35].
1.2.2 Control of Tethered Space Systems
Much work has been done developing possible strategies for the control of tethered space-
craft. Kojima et al. developed a method of controlling tether angles in a three-mass tethered
system. The tethers were treated as rigid and massless, and differential geometry and de-
layed feedback chaos control were used to stabilize libration in the system [14]. Williams
et al. investigated using electrodynamic Lorentz forces along with a movable attachment
point to reduce string vibrations in a hanging tether simulation. They proposed using wave-
absorbing boundary control at the attachment point to reduce the magnitude of traveling
waves along the tether [44]. Mankala and Agrawal proposed the use of a variable resistor as
a control actuator for electrodynamic tethers. They consider tethers in circular, equatorial
orbits, and develop a feedback control algorithm for equilibrium-to-equilibrium librational
moves [17]. Tragesser and San used the general perturbation equations to develop analyti-
cal current control laws for orbital maneuvering of electrodynamic tethered satellites. They
ignore flexible tether dynamics completely, assuming the tether to be rigid, massless, and
in a constant, hanging orientation. So, while coupling between orbital parameters is taken
into effect, tether libration effects are ignored [39]. In 2005, Paul Williams expanded on this
work to include tether libration effects. He showed that properly utilizing tether librations
can increase the efficiency of orbital transfers by directing more of the electromagnetic force
in the direction of orbit boosting [42].
The next chapter presents a new command shaping algorithm for reducing residual
vibration in tower cranes. After command shaping has proven effective on this nonlin-
ear Earth-based cable system, it is applied to flexible electrodynamic tethers. Chapter 3
investigates flexible tether dynamics within a constant orbit, and Chapter 4 extends the
investigation to the case of orbit boosting.
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CHAPTER II
COMMAND SHAPING FOR NONLINEAR TOWER
CRANE DYNAMICS
To demonstrate the efficacy of input shaping on nonlinear systems, we first look at non-
linear crane dynamics. Cranes are an ideal setup for implementing input shaping because
they are very lightly damped systems that will continue to oscillate long after the desired
move has ended. Unfortunately, input shaping relies on superposition, and, since the equa-
tions of motion for all cranes are inherently nonlinear, the reliance on superposition is not
appropriate for all operating regimes.
This chapter investigates two types of cranes, a bridge crane and a tower crane. Nonlin-
ear equations of motion are presented and then verified using a portable bridge crane [16]
at Georgia Tech and a portable tower crane [15] at Tokyo Tech. These equations are then
linearized and the transition from predominantly linear to substantially nonlinear behavior
is investigated for the bridge crane. The effectiveness of traditional input shaping on bridge
cranes is explained, and a novel command shaping algorithm is proposed for dealing with
nonlinear tower crane dynamics.
2.1 Bridge Crane
2.1.1 System Model
An illustration of a bridge crane is shown in Figure 5. A picture of the portable bridge
crane used for experiments is shown in Figure 6. The trolley slides along the bridge in the
x direction, and the bridge moves along the runway in the y direction. Thus, the trolley
naturally operates in a Cartesian space. If the suspension length, L, is held constant, then

















Figure 5: Bridge crane schematic. Figure 6: Picture of portable bridge crane.
trolley in the x and y directions are [4]:
Lφ̈+ Lθ̇2 cos (φ) sin (φ) + g sin (φ) cos (θ) = ẍ cos (φ) + ÿ sin (φ) sin (θ) ,
Lθ̈ cos (φ)− 2Lφ̇θ̇ sin (φ) + g sin (φ) = −ÿ cos (θ) .
(9)
These equations can be converted into nonlinear state space equations of the form













This yields the following state space equations
ẋ1 = x2
ẋ2 = −x24 cos (x1) sin (x1)−
g
L
sin (x1) cos (x3) +
1
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u1 cos (x1) +
1
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u2 sin (x1) sin (x3)
ẋ3 = x4










ẋ5 = x6 ẋ6 = u1 ẋ7 = x8 ẋ8 = u2
(12)
In order to obtain a linear model of the system, the system can be linearized about ~x = ~u = ~0














































to obtain the following linear state space equation
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The payload position is given by
xpayload = x− L sin (φ) ypayload = y + L cos (φ) sin (θ) (16)
2.1.2 Model Verification
The portable bridge crane used for model verification is approximately 1 m3 in size. It is
driven by two Siemens synchronous AC servo motors that move the trolley and bridge axes
via timing belts, allowing movement in the x and y directions. A Siemens digital camera is
attached to the trolley to measure the payload swing, and a Siemens programmable logic
controller (PLC) is used to generate the velocity commands. These commands are sent to
the motor drives which use encoders for Proportional-plus-Integral (PI) velocity feedback
control [16].
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Under normal operation, the payload swing angles are fairly small, thereby causing
bridge cranes to behave in a linear manner. Figure 7 shows an overhead view of the non-
linearly simulated and measured crane payload responses to a typical two-axis move, while
Figure 8 shows the linearly simulated response. Comparing Figures 7 and 8 shows that
the nonlinear and linear models have nearly identical responses for small payload swing
angles. To accentuate the model differences and to verify the nonlinear equations of mo-
tion, a trajectory that induces large swing angles and velocities was used to drive both
the numerical simulations and the portable bridge crane. The trolley was driven close to
the natural frequency of vibration on one axis to induce large swing angles. Then, at the
approximate time of maximum swing on one axis, the crane was driven in the transverse
direction, essentially creating large initial conditions for a transverse move. Figures 9 and
10 show overhead views of the simulated and measured crane responses. Figure 9 shows
fairly good agreement between the experimental data and the nonlinear simulation. The
response of the linear model is graphed with the experimental response in Figure 10. The
large difference seen between the two models is apparent in the coupling between the two
swing angles. This is evident in the swirling effect seen in the experimental and nonlin-
ear data, but which is absent from the linear model. Further comparison can be made by
graphing the payload swing angles individually. These profiles can be seen in Figures 11
and 12. The linear model predicts a constant amplitude in the θ and φ directions, while the




























Figure 10: Experimental and linearly
simulated payload trajectories.
evident in the experimental data of Figure 11. Figure 12 shows the nonlinear θ vibration
growing slightly as energy is transferred from the φ direction. The linear vibration stays
the same, as is expected, but the experimental vibration amplitude decreases with time.
This is most likely due to aerodynamic damping in the real system that is unaccounted
for in either of the dynamic models. The experimental behavior is close to the nonlinear
predictions, and, for the extreme motions seen in this example, the nonlinear model shows


























Figure 11: Experimental and simulated
























Figure 12: Experimental and simulated
bridge swing angle (θ).
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2.1.3 Nonlinear Transition
There are two assumptions that transform the nonlinear crane equations, (9), to the lin-
earized model:
















these terms appear as second-order terms in (9), they are neglected. The second assumption
is that the angular deflection is small: [φ, θ]  1. Using the small angle approximations
for sine and cosine yields the linearized model, which in turn yields a linear approximation
of the oscillation period. As these swing angles increase, the nonlinear period of oscillation
changes, as seen in Figure 13. These changes are small. For example, there is only a 5%
difference at a swing angle of 50◦.
In most real crane operations, large swing angles and velocities are neither safe nor
useful. For most reasonable operating regimes (including the working range of the portable
bridge crane), the swing angles and velocities are small enough that there is virtually no
difference between the linear and nonlinear models. Because of this, input shaping has
been shown to be very effective on bridge cranes [9, 22, 37]. In fact, input shaping further
suppresses the swing angles, thereby keeping the crane operating in the linear regime and
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An illustration of a tower crane is shown in Figure 14. The trolley slides along the boom in
the R direction, and the boom rotates around the mast in the s direction. If the suspension
length is constant, then the equations of motion relating the payload swing angles φ and θ
to the motion of the trolley in the R and s directions are [4]:
Lφ̈+ Lθ̇2 cos (φ) sin (φ) + g sin (φ) cos (θ) = −R̈ cos (φ) +Rṡ2 cos (φ)
−Rs̈ sin (φ) sin (θ)− 2Ṙṡ sin (φ) sin (θ)
−2Lṡθ̇ cos2 (φ) cos (θ)− Ls̈ sin (θ)
+Lṡ2 sin (φ) cos2 (θ) cos (φ) ,
Lθ̈ cos (φ)− 2Lφ̇θ̇ sin (φ) + g sin (θ) = Rs̈ cos (θ) + 2Ṙṡ cos (θ) + 2Lṡφ̇ cos (φ) cos (θ)
+Ls̈ sin (φ) cos (θ) + Lṡ2 sin (θ) cos (φ) cos (θ) .
(18)
With state space variables
~x =
[
























Figure 14: Tower crane schematic.
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we find the nonlinear state space equations
ẋ1 = x2





−g sin (x1) cos (x3)− u1 cos (x1) + x5x28 cos (x1)− x5u2 sin (x1) sin (x3)− 2x6x8 sin (x1) sin (x3)
)
ẋ3 = x4
ẋ4 = 2x2x4 tan (x1) + cos (x3)
(





(−g sin (x3) + x5u2 cos (x3) + 2x6x8 cos (x3))
ẋ5 = x6 ẋ6 = u1 ẋ7 = x8 ẋ8 = u2 ẋ9 = x10 ˙x10 = u3 .
(20)
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This linearization technique yields only quasi-linear matrices, with Btwr depending on R. It
was decided to linearize about a constant cable length and ignore hoisting in this lineariza-
tion while keeping some of the dependence of the dynamics on R. This method ignores
dynamic effects in R while allowing the instantaneous R to influence the swing angles. The
resulting quasi-linear system captures the cylindrical motion inherent in the system. For
both the linear and the nonlinear models, the payload position is given by
xpayload = [R+ L sin (φ)] cos (s) + [L sin (θ) cos (φ)] sin (s)
ypayload = [R+ L sin (φ)] sin (s)− [L sin (θ) cos (φ)] cos (s)
(22)
2.2.2 Model Verification
A sketch of the tower crane used for experimental verification is shown in Figure 15, and


















Figure 15: Schematic layout of tower crane.
Figure 16: Picture of portable
tower crane.
arm. The crane has 3 degrees of freedom actuated by Siemens synchronous AC servo
motors. The slewing motor controls the rotation axis, which is capable of 340◦ rotation.
The trolley moves radially via a lead screw, and the hoisting motor controls the suspension
cable length. In addition, a Siemens digital camera is mounted to the trolley and records the
swing deflection of the payload at a rate of 25 Hz. A Siemens PLC sends velocity setpoints
to Siemens Sinamic motor drives, which use motor encoder signals to provide PI velocity
feedback control [15].
Because the tower crane exhibits noticeable nonlinear behavior for nearly all moves,
realistic moves were performed and compared with the simulated responses. Figures 17 and
18 show the responses for a combined slew and radial move. As can be seen, the nonlinear
simulations in Figure 17 predict crane behavior fairly well, while the linear model ignores
all coupling between radial and tangential motion. The deflection angles are also similar for
the nonlinear model and experimental data, as can be seen in Figures 19 and 20. Figure 19
shows that the crane exhibits significant damping in the radial direction. This is because
of the configuration of the payload cable, as seen in Figure 15. To allow hoisting and radial








Figure 18: Experimental and linearly
simulated payload trajectories.
It then goes down to meet a pulley on the payload and back up to a second pulley on the
opposite side of the trolley. These pulleys allow the trolley to move along the boom while
keeping a constant payload length. This configuration means that any radial vibration will
cause the pulleys on the trolley to rotate, which leads to friction damping. In order to
achieve better agreement with the experimental data, viscous damping was added to the
original models.
2.2.3 Input Shapers
In order to improve the performance of input shaping, we endeavor to design an input shaper




























Figure 19: Experimental and simulated




























Figure 20: Experimental and simulated
tangential swing angle (θ).
21
the boom rotates, the payload tends to swing outward in the radial direction due to a lack
of sufficient centripetal force. When the move is completed, the payload will then vibrate in
the radial direction. Also, from (18), we see that there are inherent interactions that cause
the rotational and radial velocities to affect both swing angles.
To investigate these effects, we simulated a rotational move with a trapezoidal slewing
velocity profile. A trapezoidal slewing velocity profile drives the crane through a circular
rest-to-rest slewing motion. Figure 21 shows an overhead view of the move, and Figure 22
shows the radial and tangential swing angles during the move. The swing angles show two
dominant frequencies: the 0.5 Hz natural frequency corresponding to classical pendulum
motion and another related to the angular velocity of the boom by
π = Tψ (23)
where ψ is the angular velocity of the boom and T is the period. If we look at the low-
frequency envelope functions that bound the vibration, then the envelope function for the
radial swing angle is very nearly 90◦ out of phase with that of the tangential swing angle. We
conclude that this is due to the transfer of momentum from the radial to tangential directions
as the payload moves through 90◦ of rotation. That is, once the boom has rotated 90◦, the
original orientations of the radial and tangential directions have now exactly switched: the
radial direction is now in the original tangential direction, and vice versa. This seems to
indicate that a conservation of linear momentum effect is more dominant than nonlinear
Trolley Position
Payload Position




















Figure 22: Swing angles during unshaped
slew.
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interactions in the equations of motion.
A traditional ZV shaper convolved with a slewing profile will yield two accelerations
in the tangential direction, as shown by the arrows in Figure 23. However, due to the
rotational nature of the tower crane, these accelerations are no longer in the same direction;
the second acceleration has been rotated through an angle of ∆s. This effect degrades the
performance of traditional input shapers.
The importance of momentum effects lead us to consider the advanced input shaper
illustrated in Figure 24. This input shaper is designed for a pure rotational move. In order
to better cancel the vibration induced by the first impulse, we would like the second impulse
to act in the same direction as the first impulse. This leads us to add radial components
to the slewing motion to achieve the same resultant direction for both impulses, as seen in
Figure 24. By letting
A2 = cos (∆s)
B2 = sin (∆s)
(24)
we get a resultant vector, ~V2, that acts in the same direction as the first impulse, allowing
more of the vibration to be cancelled. This directional alignment approach is the general
design method for the advanced slewing shaper.
In order to justify this directional approach, it is necessary to determine whether or not









Figure 24: Schematic for slewing input
shaper.
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performed and compared. The crane was moved through a slew both with and without
initial swing of the payload. The zero initial conditions response was then subtracted from
the full response to determine the effect of the move on the initial vibration. As can be seen
in Figure 25, the orientation of the original vibration remains nearly unchanged.
In attempting to implement the advanced shaper, we run into several challenges. The
most significant is the fact that adding a single impulse in the radial direction causes
a nonzero radial velocity during the entire move. By ignoring this effect, we are able
to suppress the swing angles, but it leads to significant radial drift, as seen in Figure
26. Therefore, we must improve on this approach and attempt to give an inward impulse
followed by an equal magnitude outward impulse in the radial direction, as illustrated in
Figure 27. The resulting motion will have no radial velocity during the constant velocity
portion of the slew.
The shaper will consist of two sets of impulses, one for angular motions, and one for



















vibration to crane motion












Figure 27: Improved slewing shaper.
direction, and ti are the impulse times. Setting ~V1 = ~V2 and constraining
∑
Ai = 1 yields:








where R0 is the starting radial position of the trolley, s̈ is the acceleration of an assumed
trapezoidal velocity profile with rise time, tr < T/2, and:
α =
1
[1 + cos (∆s)] cot (∆s) + sin (∆s)
, β = α





(T − tr) (27)
Equations (26) and (27) can be solved for the three unknowns, γ1, γ2, and δ1, using a
standard nonlinear solver. This process is an easy numerical operation and only depends
on three crane parameters, s̈, tr, and R0. Once the shapers are determined, they are both
convolved with the angular velocity profile to obtain shaped velocity profiles for the radial
and slewing directions. It is important to check that δ1s̈ does not exceed the maximum
acceleration in the radial direction, R̈.
To measure the effectiveness of this new command shaping process, we compare the
final residual vibration for unshaped, ZV shaped, and ZVD shaped moves against a move
created using the slewing shaper defined by (25). Figure 28 shows the performance of the
three shapers compared to the unshaped case for R0 = 0.55m, and L0 = 1m. It is clearly
evident that any form of input shaping is a vast improvement over the unshaped cases for
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(b) s̈ = 120 deg/s2, tr = 0.5 s
Figure 28: Simulated unshaped and shaped residual vibration
residual vibration in the tangential and radial directions for various rotation angles and sys-
tem parameters. For longer suspension lengths, the slewing shaper outperforms both ZV
and ZVD shaping, while still having the same rise time as a ZV shaper. For shorter lengths,
the slewing shaper performs better than a ZV shaper, but not as well as the ZVD shaper.
Figures 31 and 32 show the corresponding experimental results. The experimental results
show a similar trend, but the slewing shaper does not perform as well as the theory predicts
in the radial direction. While this is not ideal, increased radial vibration is preferable to
tangential vibration because of the inherent damping present in the radial direction. The
increase in vibration is most likely due to the hardware being unable to track the radial
command precisely. The radial velocity profiles have very small magnitudes, magnifying the
error signal with respect to the desired velocity. Typical velocity errors seen in the experi-
ments were ±14%. To improve performance, the feedback gains used in the radial direction
could have been optimized for slow velocities, but this modification was not performed.
To further investigate the influence of velocity tracking error on residual vibration, the
system rise time was increased from tr = 0.5 s to tr = 1.25 s while keeping the acceleration
constant. This takes the maximum slewing velocity, ṡmax, from 20 deg/s to 50 deg/s.
Figure 33 shows the simulation results for R0 = 0.9 m and L0 = 1 m. Even for these
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Final Slew Angle (deg)
(d) R0 = 0.9 m, L0 = 1.5 m
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Final Slew Angle (deg)
(d) R0 = 0.9 m, L0 = 1.5 m
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Final Slew Angle (deg)
(d) R0 = 0.9 m, L0 = 1.5 m
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Final Slew Angle (deg)
(d) R0 = 0.9 m, L0 = 1.5 m


















































Final Slew Angle (deg)
(b) Radial vibration
Figure 33: Simulated residual vibration, s̈ = 40 deg/s2, tr = 1.25 s
slewing shaper vibration suppression is again in between that of the ZV and ZVD shapers.
Figure 34 shows the corresponding experimental results. At these higher velocities, the
relative error in the radial velocity is reduced, and the performance of the slewing shaper
falls in between ZV and ZVD shaping, as expected.
2.3 Conclusions
Nonlinear equations of motion were presented for bridge and tower crane payload motion and
verified experimentally. A novel command shaping algorithm based on nonlinear directional
effects was presented for the slewing of tower cranes. Experimental results verify that the
resulting shaper is more effective than traditional input shaping for reducing vibration in the















































Final Slew Angle (deg)
(b) Radial Vibration
Figure 34: Experimental residual vibration, s̈ = 40 deg/s2, tr = 1.25 s
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on nonlinear systems by improving vibration reduction and offering a new perspective on
the problem of rotational motion. The vector design process used to create the advanced
input shaper represents a new method of shaper design for tower cranes, and could also be




INPUT SHAPING FOR CONSTANT-ORBIT FLEXIBLE
TETHER DYNAMICS
Now that input shaping has been proven effective on an Earth-based nonlinear cable system,
the problem of electrodynamic forces on long tethers in space is investigated. Passing a
current through a long tether moving through the Earth’s magnetic field produces a Lorentz
force perpendicular to the magnetic field lines and to the line of the tether. If this force could
be harnessed for satellite orbit boosting, it could reduce the need for refueling missions and
increase the working lifetime of satellites. These tethers will exhibit large-scale oscillations
that must be dealt with in order to make them a valid alternative to conventional thruster
technology.
The system model used in this analysis was developed by Williams et al. [43] and
consists of discrete masses connected by springs and dampers as illustrated in Figure 35.
In this chapter, the orbit of the mother satellite is assumed to be constant, and flexible
tether dynamics are investigated. This model is used because it is the simplest model that










Figure 35: Model of electrodynamic tether propulsion
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application of input shaping to this problem. A more complicated model will be examined
in the following chapter. The MATLAB implementation of the equations of motion for this
model is shown in Appendix A. The major shortcomings of the model are as follows:
• The orbit of the mother satellite is assumed constant, ignoring orbit boosting effects.
• The Earth’s magnetic field is modeled as a dipole. A more sophisticated model would
add harmonic excitations to the system. These excitations will depend on the orien-
tation of the tether and the current applied.
• The Earth is treated as a point mass to determine gravity forces. Earth oblateness
effects would add to the tether libration.
• Current collection dynamics are ignored. Changes in ionospheric electron density
mean that some sort of control system will be necessary to produce the varying cur-
rents required by the input shaping controller.
When a step current is applied to the tether, it responds with large librations and string
oscillations. These are evident as the two major frequency components seen in Figure 36.
The low frequency oscillations represent pendulum-like librations of the tether while the
high frequency oscillations are transverse string vibrations.
To lessen the unwanted dynamic effects in electrodynamic tethers, the electrical current


















Figure 36: Tether midpoint response to step current input
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for this effect, then numerous sensors will be required to measure the state of the tether. For
many types of feedback control, an adequate state measurement may be unachievable. As an
alternative control approach, input shaping can be applied to the current sent through the
tether. This shapes the resulting thrust force so that vibration in the tether will be greatly
reduced. As shown in Figure 36, tethers have two main modes of oscillation that must
be addressed: 1) low frequency pendulum-like libration, and 2) numerous high frequency
string-like modes.
3.1 Simulation and Input Shaping Results
Given the general qualities of the various input shapers described in the introduction and
the needs of an electrodynamic tether, the approach advocated here is to use a UMZV
shaper to reduce the libration. Because the libration frequency is fairly easy to estimate,
it does not need the added robustness of a longer shaper. The UMZV shaper will also
provide the fastest system rise time. In conjunction with this shaper, robust shapers (ZVD
and EI) are employed to deal with the string vibration because these dynamics are a more
complex function of tether length, line density, tension, and desired motion. Consequently,
the input shapers addressing these phenomena need more robustness to possible parameter
variations. These robust shapers also have the added benefit of reducing vibration in high
frequencies that might otherwise be excited by the UMZV shaper.
3.1.1 Frequency Content Analysis
In order to properly apply input shaping, estimates of the natural frequencies and damping
ratios must be known for each mode of vibration. It is important to note, though, that
input shaping is based on linear estimations of the dynamics. The robustness inherent
in some shapers helps them to reduce vibrations in the presence of system nonlinearities.
Simulations of stationkeeping were conducted with nominal modeling parameter values
set to the values in Table 1. The compressive damping factor is more important to the
longitudinal dynamics of the tether than the transverse dynamics being studied here. Fast
Fourier transforms (FFT’s) were applied to the tether midpoint response (shown in Figure
36) to obtain frequency content data. To achieve higher resolution at the low frequencies
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Table 1: Simulation parameters.
Simulation Parameter Nominal Value
Tether Length, L 20 km
Tether Density, ρ 1 kg/km
Tether Stiffness, EA 10 kN
Subsatellite Mass, msubsat 500 kg
Initial Orbital Altitude, H 200 km
Compressive Damping Factor ceq 1.0
seen in this system, the simulations were run for a very long time, in this case 600000 seconds
(approximately 100 orbits). From the FFT data, the periods of vibration were found to be
3061 seconds for the low frequency libration mode and 192 seconds for the high frequency
string mode. The long simulation time yields a low FFT uncertainty of approximately
0.001% for the libration mode and 0.00006% for the string vibration mode. However, this is
only the uncertainty that comes from the Fourier transform. System parameter uncertainty
and unmodeled dynamics play a larger role in the uncertainty of the dynamic response.
Damping is always small, and it is assumed to be zero for the purposes of input shaper
design.
3.1.2 Input Shaping Performance
Once the frequencies have been adequately approximated, input shaping can be applied to
the electrical current input. The solid line in Figure 37 shows that if the current is simply
turned on, then the center of the tether deflects up to 140 m, and significant amounts of
both libration and string vibration are induced in the system response. If the current is
shaped using a ZVD shaper designed to suppress the first mode of string vibration, then
the high-mode vibration is significantly reduced, as shown by the dashed line in Figure 37.
What remains is essentially the libration mode that must be addressed with an additional
shaper. If a UMZV shaper designed to suppress the libration is convolved with the ZVD
shaper, then nearly all of the oscillation dynamics are eliminated, as shown by the dotted
line in Figure 37. Note that the cost of this improvement is a 45% increase in the rise time






















Figure 37: Displacement of tether midpoint
One of the major problems caused by the libration and string vibration is increased ten-
sion throughout the tether and at the connections to the main satellite and the subsatellite
or payload. Figure 38 shows that input shaping greatly reduces the high-frequency tension
oscillations experienced by the main satellite. Figure 39 shows that similar reductions in
tension also occur at the subsatellite connection.
For the previous simulations, 10 node masses were used to model the flexible tether. In
order to establish that 10 nodes are adequate to capture the dominant dynamic effects, the
model complexity was increased. Figure 40 shows the displacement of the tether midpoint
when the number of node masses is 10, 14, and 20. The tether response is very similar for
the three cases shown. Because only a small improvement in fidelity is gained, at the cost



























































Figure 40: Displacement of tether midpoint for varying complexity of model
analysis.
3.1.3 Deflection-Limiting Current Profiles
While traditional input shapers successfully reduce residual oscillation, they may not sub-
stantially reduce high levels of transient deflection in the tether. As shown in Figure 37,
even when the vibration is greatly reduced, there can still be a large steady-state deflection
of the tether when the current is being applied. In this instance, the tether deflection gives
a measure of the tether in-plane libration angle. It is important that the libration angles
stay within acceptable limits to ensure tether stability. Deflection-limiting control is needed
when the deflection results in libration angles higher than these limits [25, 19, 20, 21]. This
deflection is a consequence of the amount of current applied to the tether; therefore, to
reduce deflection, the steady-state current must be reduced. This can be accomplished by
either reducing the maximum possible current, or by adjusting the command shapers. Ad-
justing the shapers is an attractive solution because the maximum current can still be used
in short bursts without exceeding the maximum desired deflection.
Deflection-limiting command shapers are designed using a modified set of constraint
equations.1 Traditionally, input shaper amplitudes are required to sum to unity to ensure
1The deflection-limiting command shaper presented here was developed by Michael Robertson, Ph.D.
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that the unshaped and shaped commands have the same setpoint. However, when this set-
point leads to excess deflection, then the impulse magnitude requirement must be reduced.
Figure 41 shows the general form of the deflection-limiting shaper proposed here [19, 20, 21].
The first and second impulses have unity magnitude. When these are convolved with a step
in current of magnitude Imax, the result is a pulse in current of magnitude Imax and dura-
tion t2. If the magnitude of A3 is less than one, then the result is a steady-state current
with magnitude A3Imax < Imax, resulting in reduced deflection. This process is illustrated
in Figure 42.
In order to achieve zero residual vibration, both (2a) and (2b) must be zero. Therefore,
the deflection-limiting shaper shown in Figure 41 must satisfy:
1− cos (ωt2) +A3 cos (ωt3) = 0 (28)
− sin (ωt2) +A3 sin (ωt3) = 0 (29)
If A3 can be determined for a desired deflection limit, then (28) and (29) can be solved for
t2 and t3. Isolating the first cosine term in (28) and squaring the equation yields:
cos2 (ωt2) = 1 + 2A3 cos (ωt3) +A23 cos
2 (ωt3) (30)
Similarly, (29) yields:
sin2 (ωt2) = A23 sin
2 (ωt3) (31)






























Figure 42: Deflection-limiting command shaping process












In order to determine the appropriate value of A3, a relationship between the applied cur-
rent and tether deflection must be established. Figure 43 shows the input-shaped response
of the tether midpoint deflection as a function of the applied maximum current. The re-
sults indicate that a linear relationship between the maximum current and deflection is an
adequate assumption. Therefore, the solution proposed here uses a deflection-limiting com-
mand shaper designed for the libration mode, while a robust EI shaper is used to suppress
the dominant string mode. The amplitude of the third impulse, A3, can now be determined























Figure 43: Deflection-limiting command shaping for current input
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deflection from a traditional shaper is 100 meters, and the deflection should not exceed 80
meters, then a 0.80 deflection-limiting shaper (A3=0.8) is derived using (32) and (33). This
shaper is then convolved with an EI shaper to reduce the string vibration. This process is










Figure 44: Combined deflection-limiting and robust input shaper
3.2 Input Shaping Robustness Analysis
3.2.1 Traditional Input Shaping
Another issue that needs to be investigated is the robustness of input shaping to variations
in system parameters. We will start by demonstrating the robustness of the non-deflection-
limiting shapers introduced first. Figure 45 shows the amplitude of the peak-to-peak resid-
ual vibration of the tether midpoint for a variation in subsatellite mass from 400 to 600























Figure 45: Sensitivity of shaping to subsatellite mass
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be seen, the implementation of input shaping drastically reduces the amount of vibration
for the entire range of subsatellite masses. When the command is not shaped, the string
vibration and the libration combine to give the overall oscillation amplitude, such as that
shown in Figure 36. In some cases, the oscillation peaks of the individual modes combine,
and in other cases, they destructively interfere. This destructive interference causes the
slight dip in the unshaped vibration amplitude that occurs near a subsatellite mass of 480
kg.
Another important parameter that affects the dynamic response is the orbital altitude.
Because the main goal of electrodynamic reboost is to change orbital altitude, this parameter
will naturally vary throughout the life of the system. Figure 46 shows the tether midpoint
vibration amplitude for a variation in orbital altitude from 190 km to 210 km. Once again,
the shaped vibration is negligible when compared to the unshaped vibration across the entire
range shown. Furthermore, large changes in orbital altitude do not significantly affect the
vibration amplitude.
3.2.2 Deflection-Limiting Input Shaping
Robustness studies were also completed to determine the effect of parameter variations on























Figure 46: Sensitivity of shaping to orbital altitude
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concerned with the maximum tether deflection, it is plotted along with residual vibration
data in this section. Figure 47 shows the residual vibration and maximum deflection of
the tether midpoint as the subsatellite mass varies from the nominal design value of 500
kg. The new command shaping method works as expected to lower the maximum transient
deflection. In all cases, the maximum deflection decreases as the subsatellite mass increases.
Figure 48 shows the effect that variations in tether stiffness (as measured by EA) have
on the tether response. Because the tether stiffness mainly affects the longitudinal wave
properties and not the transverse dynamics, the vibration amplitude is basically unaffected
by changes in tether stiffness. A more important parameter for transverse dynamics is the
tether density. Figure 49 shows the shaper performance when the tether density per unit
length varies from the baseline value of 1 kg/km. The results indicate that the command
shaping technique is very robust to density changes. The results shown in Figures 47 – 49
indicate that the proposed command shaping technique has good robustness to parameter
variations.
3.3 Conclusions
This chapter has established that input shaping is an effective method of reducing transverse
vibration in electrodynamic space tethers. Input shaping is able to reduce both pendulum-
like librations and string vibrations. It is also possible to use input shaping to decrease the








400 450 500 550 600
Unshaped
UMZV * EI



















400 450 500 550 600
Unshaped
UMZV * EI
















(b) Maximum transient deflection








9000 9500 10000 10500 11000
Unshaped
UMZV * EI



















9000 9500 10000 10500 11000
Unshaped
UMZV * EI
















(b) Maximum transient deflection







0.5 0.75 1 1.25 1.5
Unshaped
UMZV * EI



















0.5 0.75 1 1.25 1.5
Unshaped
UMZV * EI
















(b) Maximum transient deflection
Figure 49: Shaper performance with variations in tether density
The application of input shaping to electrodynamic tethers represents a major advance-
ment to current tether technology. Without sophisticated vibration control, electrodynamic
orbit boosting is not possible. This control is difficult to achieve through any type of feed-
back control design because sensing of the tether dynamics is incredibly difficult to obtain.
Input shaping offers an easily implementable tool to provide the vibration reduction nec-
essary to make electrodynamic tether boosting missions possible. Input shaping is also
robust to modeling errors. In the next chapter, this work will be extended to the case of
orbit boosting with electrodynamic tethers.
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CHAPTER IV
INPUT SHAPED ORBIT BOOSTING OF
ELECTRODYNAMIC TETHERS
In the previous chapter, input shaping was used to greatly reduce unwanted oscillatory
dynamics in constant orbit tethers. These same techniques can be utilized for orbit boosting
maneuvers. The model used in this section was developed by Arun Banerjee at Lockheed
Martin Advanced Technology Center and is described in detail in Reference [2]. The concept
is the same as the model used in Chapter 3 and shown in Figure 35. However, the model
used in this chapter does include the effects of changing orbit. It also uses a two-part tether,
with electrodynamic forces present on the upper half of the tether and aerodynamic drag
forces present on the lower half. The model output is expanded over the constant-orbit
model by generating tether libration angles, midpoint deflection, and orbital altitude. The
tether midpoint deflection is measured as the perpendicular distance from the line of sight
from one end of the tether to the other. The equations of motion for this model were
derived in AUTOLEV. The AUTOLEV code used to generate the simulation code is given
in Appendix B. The shortcomings of this orbit-boosting model are:
• The Earth’s magnetic field is modeled as a tilted dipole, ignoring certain harmonic
terms.
• Earth oblateness effects are not modeled. These effects will add to the out-of-plane
tether libration.
• Current collection dynamics, including variations in ionospheric electron density, are
ignored.
• The model uses only five node masses to model the tether. Increasing the number of
these masses may change the string vibration behavior of the tether.
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4.1 Simulation and Input Shaping Results
4.1.1 Frequency Content Analysis
Table 2 summarizes the simulation parameters used in this chapter. These parameters are
labeled on the sketch of the model shown in Figure 50. To find the frequency content of
the tether response, a 1.5 A current pulse was sent through the tether for 2320 seconds, and
FFT’s were performed on each of the simulation output measures. Because this simulation
also captures orbital behavior, including orbital altitude variations, some of the frequencies
of interest are considerably lower than in the previous chapter.
The first output measure we examine in detail is the orbital altitude. When given a
pulse thrust, a satellite in a circular orbit will move to an elliptical one. This eccentricity
shows up as oscillations in the orbital altitude. The oscillation amplitude is determined by
Table 2: Simulation parameters.
Simulation Parameter Nominal Value
Tether Length, L 20 km
Tether Density, ρ 1 kg/km
Equivalent Spring Constant, K 8 kN/km
Mother Satellite Mass, mm 300 kg
Daughter Satellite Mass, md 5 kg
Initial Orbital Altitude, H 500 km










Figure 50: Schematic of model with simulation parameters
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the apogee and perigee of the orbit, and the frequency is the orbital frequency. For the
initial altitude chosen here, the orbital period is approximately 5660 seconds.
Next, tether libration is reviewed. In-plane tether libration (θ) has two relevant fre-
quency components with periods of 3279 and 1282 seconds, while out-of-plane libration (φ)
has one main component at 2844 seconds. The in-plane libration frequency agrees with the
10-node-mass model of the previous chapter to within 7%.
Figure 51 shows the frequency content of the tether midpoint deflection. This shows
much higher frequencies of vibration than that of orbital altitude variations and libration
angles. It also exhibits more than one significant mode. The modes considered in this
investigation correspond to the three largest spikes seen in Figure 51 and have periods of
641, 617, and 537 seconds. These frequencies are different than those seen in Chapter 3.
The constant-orbit model utilized 10 node masses and was given a step reference input.
The orbit-boosting model used here contains only 5 node masses and is given a pulse
current input. Also, the midpoint deflection measure used here is different than that used
previously. This model uses deflection from the line of sight, while the constant-orbit model
used deflection measured from the line connecting the constant-orbit mother satellite with
the center of the Earth. These differences explain the differences in frequency content.
4.1.2 Single-Mode Shaping
In order to determine how effective input shaping is at reducing oscillations in each of
the three dynamic effects being studied, namely libration, string vibration, and orbital
eccentricity, separate input shapers designed for each type of vibration were developed













Figure 51: Midpoint deflection frequency content.
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independently. A variety of shapers were tested for each type of vibration, including ZV,
UMZV, ZVD, and EI.
The pulse response of the system’s orbital altitude exhibits oscillatory behavior evident
in the unshaped response of Figure 52. These oscillations in orbital altitude represent the
transition of the tether from a circular to an elliptical orbit. A common method of raising a
satellite from one circular orbit to another is to apply a pulse to raise the apogee and then
apply a second pulse after one-half revolution to circularize the orbit.
If this method is examined from the standpoint of input shaping, it is equivalent to a
single pulse convolved with a ZV shaper tuned to the orbital frequency. Thus, if the orbit
eccentricity is treated as an oscillation to be minimized, a variety of input shapers should be
readily applicable to orbit circularization. This is confirmed by the success of input shaping
to eliminate oscillations in orbital altitude as evidenced by the shaped responses in Figure
53. These oscillations can be further reduced by using a more robust shaper such as the
ZVD shaper. The ZVD shaper, however, will take a full cycle to complete. Since the cycle
is an entire orbit, this time penalty may be too great for the slight decrease in eccentricity.
Because orbital oscillations have such a long period, it is desirable for any input shaper
used to be fast. Negative shapers such as the UMZV are faster than positive shapers, but
they also have the added danger of high-mode excitation. If the pulse duration is less than
one third of an orbital period, UMZV shapers will also produce negative thrust, wasting















































Figure 53: Orbital altitude response to
shaped current pulses
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significant damping and extreme flexibility of tethers in space may preclude the application
of negative shapers due to their tendency to excite high modes.
Figure 54 shows the in-plane tether libration response when driven with a current pulse.
The unshaped current pulse induces large amounts of tether libration, approximately 8◦
in each direction. Figure 55 shows that input shaping successfully reduces the amount
of libration to around 2◦, but cannot completely eliminate the libration. This is due to
the effect of the elliptical orbit on the gravity gradient forces acting on the tether. In an
elliptical orbit, the orbit normal is not in a constant orientation; rather, it changes as the
satellite moves through its orbit. This causes increased libration, as noted by Peláez and
Andres [18].
Figure 56 shows the corresponding unshaped out-of-plane libration. This exhibits similar
behavior to the in-plane libration, but it appears to have less complicated frequency content
than the in-plane libration. Figure 57, however, shows that input shaping is much less
effective at reducing librations normal to the orbital plane. This is due to the interaction
between the Earth’s magnetic field and the line of the tether which determines the direction
of the electrodynamic (ED) force. This interaction depends on the inclination of the tether
orbit. As the inclination varies from zero degrees, the ED forces start to have components
out of the orbital plane. This effect is responsible for the out-of-plane libration seen here.
Because there is less actuation out of the plane, however, input shaping is less effective.




















Figure 54: In-plane tether libration























Figure 55: In-plane tether libration




























Figure 56: Out-of-plane tether libration






























Figure 57: Out-of-plane tether libration
response to shaped current pulses
pulse. When a single ZV shaper is applied to the current, these higher frequency oscillations
are reduced over 50%, from 203 m to 93 m, as seen in Figure 59. Figure 59 shows only the
first half of the tether response for ease of presentation. Because these are higher frequency
oscillations, however, shaper duration is much less of an issue when compared to orbital
altitude shapers. With this in mind, more robust shapers can be applied to the midpoint
deflection if necessary. Applying ZVD shaping for the dominant string mode further reduces
vibration, but the response clearly shows multiple modes of vibration are present. Further























Figure 58: Tether midpoint deflection


























Figure 59: Tether midpoint deflection
response to shaped current pulses
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4.1.3 Multi-Mode Shaping
Now that input shaping has proven effective for reducing oscillations in orbital altitude,
in-plane tether libration, and tether midpoint string vibration, it is time to design an input
shaping controller to achieve vibration reduction in all problem areas. The first multi-
mode shaper presented here is a convolved shaper that targets these effects. Because of its
relatively fast response, a ZV shaper is used to reduce orbital altitude oscillations. A UMZV
shaper could be used for this mode, but the dangers of high-mode excitation outweigh the
small decrease in system rise time. Three 2% EI shapers are chosen for the other modes of
vibration. One is tuned to the dominant in-plane libration frequency, and two are tuned to
two of the string frequencies. Two percent EI shapers offer the increased robustness helpful
in dealing with these highly nonlinear effects. Figure 60 shows the tether response to a
1.5 A, 2320 s current pulse shaped by this multi-mode shaper. The shaper performs very





















































































Figure 60: Tether response to convolved four-mode shaped pulse
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with this shaper are that it has quite a long rise time, and it is very complex, containing
54 impulses.
To try to increase the speed and decrease the complexity of the input shaper, the maxi-
mum current amplitude is decreased to 1 A while the unshaped current pulse is lengthened
to 3480 s to achieve the same energy input to the system. In addition to the less aggressive
input, the in-plane libration is left unshaped. This results in a three-mode convolved shaper
addressing the orbital altitude and midpoint deflection. The length of the input is shorter
than the previous shaper, and the shaper is reduced from 54 impulses to 18. This reduction
in complexity is desirable as it makes the current input easier to implement. The tether
response to this shaped input is shown in Figure 61. The transient dynamics are more
pronounced for this less complex shaper, but it is just as effective for vibration reduction.
The only notable differences are the further reduction in midpoint deflection seen when























































































Figure 61: Tether response to convolved three-mode shaped pulse
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when comparing Figure 61(a) to 60(a).
Another way to produce shapers for multiple modes of vibration is to solve the vibration
and robustness constraints for each frequency simultaneously. This will often result in a
faster, slightly less robust input shaper [26]. Based on the success of the low-current three-
mode shaper, similar constraints are used in the simultaneous shaper design. The orbital
frequency was subjected to ZV constraints while string vibration frequencies were subjected
to ZVD constraints. The resulting shaper contains only 6 impulses, making it much easier
to implement. The shaper amplitudes and times are given by: Ai
ti
 =
 0.093 0.242 0.165 0.165 0.242 0.093
0 323 647 2923 3247 3570
 , i = 1, . . . , 6 (34)
The simultaneous shaper is also about 6% faster than the previous convolved shaper. Figure
62 shows the tether response to the simultaneous shaper. The responses are very similar























































































Figure 62: Tether response to simultaneous three-mode shaped pulse
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robustness to errors in the higher frequencies than the simultaneous shaper, it is used for
the remainder of this study.
4.2 Input Shaping Robustness Analysis
Now that a suitable input shaping scheme has been developed, it must be analyzed for
sensitivity to modeling errors. The input shapers were designed for nominal modeling
frequencies and damping ratios. When the system parameters deviate from their assumed
values, these frequencies will change, possibly leading to degraded performance. For this
section, the input shaper being tested is the convolved three-mode shaper with system
response shown in Figure 61. Figure 63 shows the residual oscillation for each of the output
measures when the initial orbital altitude is varied from 400 km to 600 km. Input shaping
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(d) Residual out-of-plane libration
Figure 63: Sensitivity to changes in initial orbital altitude
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altitudes. The shaper shows the most sensitivity to in-plane libration angles, as these were
not specifically addressed in the shaper design. It is interesting to note, though, that for
increasing orbital altitude, the shaped tether libration decreases. As the orbital altitude
increases, the magnitudes of the electrodynamic forces decrease. The forces generated at
600 km are approximately 10% lower than those generated at 400 km. This could explain
the decrease in libration angle, as lowering the current (and hence the force) was already
shown to drastically reduce the in-plane tether libration. Figure 64 shows the shaper’s
sensitivity to variations in tether density. Even with a variation in density of ± 30%, the
input shaper is able to reduce residual oscillations to a fraction of their unshaped values.
More interesting phenomena occur when the orbital inclination is varied from 0 to 90
degrees. Figure 65 shows residual oscillation for varying orbital inclination. Changing the

































































































(d) Residual out-of-plane libration






























































































(d) Residual out-of-plane libration
Figure 65: Sensitivity to changes in orbital inclination
the magnetic field lines are nearly perpendicular to the tether, allowing for large magnitude
forces in the orbital plane. As the inclination increases, the tether starts to become aligned
with the magnetic field lines, reducing the potential for orbit boost and magnifying the out-
of-plane librations. This explains the large variations in residual altitude oscillations present
in the unshaped tether response: the apogee is being boosted more for more equatorial
orbits. This variation is not present in the shaped responses, however. The input shaper
still circularizes the orbit, regardless of the inclination. The final orbital altitude of the
shaped responses will be different for each inclination, however. This is illustrated in Figure
66. At 0◦ inclination, the tether is in the best orientation to provide forces in the direction
of orbit boosting, leading to the greatest increase in altitude. At a polar orbit (i = 90◦),


























Figure 66: Orbital altitude response to shaped current pulse for varying inclination
4.3 Conclusions
An input shaping controller was developed for reducing command-induced vibration in
electrodynamic space tethers. It is able to improve oscillation behavior in all of the effects
present in the tether dynamics studied thus far, including libration, string vibration, and
orbital eccentricity. Input shapers designed for multiple modes of vibration greatly reduced
unwanted oscillatory dynamics and were demonstrated to be very robust to modeling errors.
This input shaping controller makes electrodynamic orbit boosting possible, presenting a
viable, cost-effective alternative to chemical propulsion.
The application of input shaping to orbit circularization presents a new way of ap-
proaching this problem. A variety of input shapers are readily applicable to the boosting of
circular orbits, as illustrated by Figure 53. Using these shapers with a simple pulse thrust
offers a very simple alternative to complex, continuous time solutions.
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CHAPTER V
CONCLUSIONS AND FUTURE WORK
5.1 Conclusions
Every mechanical system will exhibit some type of oscillatory behavior. This is often a
major problem with lightweight, flexible machines. For systems with cable elements, this
problem is often complicated by the presence of significant nonlinear dynamics. Reducing
crane payload oscillations allows crane operators to have much higher throughputs on the
machines. It also makes automation or remote operation possible for cranes that work in
inhospitable environments. Input shaping can provide this reduction in payload oscillation
in an easily implementable package.
A novel input shaping algorithm based on nonlinear directional effects improves the
performance of ZV shaping in tower crane slewing motions. This radial assist shaper requires
only minimal knowledge of the system parameters. It does not delay the system any more
than traditional ZV shaping and also provides a significant performance increase. This
advances the current state of input shaping technology on nonlinear systems by improving
vibration reduction and offering a new perspective on the problem of rotational motion.
The directional design algorithm represents a new approach to command shaper design for
tower cranes and could also be extended to more robust input shapers such as ZVD and EI.
The increased performance of the radial assist slewing shaper was verified by experimental
results, proving its effectiveness.
The application of input shaping to electrodynamic space tethers represents a major
advancement to current tether technology. Input shaping offers a highly effective, easily
implementable solution to the problem of large-scale tether oscillations. Without an effective
method for controlling vibrations, electrodynamic tethers will not be a viable option for
spacecraft propulsion. Input shaping is able to reduce oscillation in a number of the dynamic
effects seen in space tethers and, thus, provides the vibration control necessary to make
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electrodynamic orbit boosting feasible.
Viewing circular orbit boosting from the perspective of an input shaping problem greatly
simplifies the design of the necessary thrust profiles. A variety of input shapers are readily
applicable to the boosting of circular orbits, as demonstrated in Chapter 4. Using these
shapers with a simple pulse thrust offers a very simple alternative to complex, continuous
time solutions.
5.2 Future Work
The current work on slewing shapers for tower cranes can be extended to the case of robust
three impulse input shapers such as ZVD and EI. Constraining three impulses to be in the
same direction may produce an indeterminate system, with the direction being an under-
constrained variable. Also, more experimental testing could determine the importance of
radial velocity tracking error in the implementation of this input shaper. Improved velocity
tracking requires either hardware capable of high-precision tracking or velocity profiles that
are easy to track. Because the radial velocity depends directly on the steady-state slewing
velocity, increasing the velocity of the slew makes the radial velocity profile easier to track,
but also presents the possibility of causing structural damage to the crane. These structural
issues impose a limit on the maximum slewing velocity, limiting the radial velocity as well.
The desired radial velocity also directly depends on the radial position of the trolley at the
start of the slew. Thus, increasing the starting radius will provide more trackable radial
velocity profiles. Centripetal effects also influence the payload response more at larger radii.
High-speed slews at large radii may magnify the performance improvements of the radial
assist shaper over traditional input shapers.
Refinement of the electrodynamic tether orbit boosting model could also further demon-
strate the effectiveness of input shaping in a very complex nonlinear system. The number of
discrete masses used in the simulation can be increased to ensure the fidelity of the model.
The effects of Earth oblateness can also be included to determine their influence on out-of-
plane tether librations in inclined orbits. This may be a problem that input shaped current
cannot alleviate, due to the orientation of the electrodynamic forces. Additional actuation
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may be needed to control the out-of-plane librations. The area of space tether research
is one with a bright future. Many applications exist where tethers offer a very attractive
solution. However, many issues exist with the control of all stages of their operation, and,
as such, there will continue to be research on space tether dynamics for years to come.
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APPENDIX A
EQUATIONS OF MOTION FOR CONSTANT-ORBIT
TETHER MODEL IMPLEMENTED IN MATLAB
function ydot=eqns(t,y,flag,n,mu,m,Ls,EA,c_eq,t_final,e,p_orbit,shap)
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% Kinematic Equations for Kane’s Equations
% u1 = y(3*n+3+1) ... etc
f=y(6*n+1); % true anomaly













%%Set the current profiles
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maxcurrent=1;
% use the input shaper to determine the desired current level
% the shaper is in shap[n,2]= [times amplitudes]












































rc(1) = rc(1) + y(3*(k-1)+1);
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rc(2) = rc(2) + y(3*(k-1)+2);
rc(3) = rc(3) + y(3*(k-1)+3);
end
r(j) = sqrt(rc(1)^2+rc(2)^2+rc(3)^2);






% Spring Forces on Tether Lumped Masses











































































EQUATIONS OF MOTION FOR ORBIT-BOOSTING
TETHER MODEL IMPLEMENTED IN AUTOLEV
%electro.al
pause 0
newtonian N % Earth centered inertial frame
points E % center of the Earth
particles P{5}
%
autoz on % automatic substitution on
constants RC, mu,K,C,L{4} % R_cm, GMe, stiffness, damping, segment length
variables u{15}’,q{15}’ % generalized speeds and generalized coordinates
specified stretch{4}’ % tether stretch and its rate



































% gravity forces %mu=G*Me
%
up1>=unitvec(p_E_P1>)
FORCE(P1,-mu*M1*up1>/dot(p_E_P1>,p_E_P1>)) % gravity on P1
%
up2>=unitvec(p_E_P2>)
FORCE(P2,-mu*M2*up2>/dot(p_E_P2>,p_E_P2>)) % gravity on P2
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%
FORCE(P3,-mu*M3*p_E_P3>/(dot(p_E_P3>,p_E_P3>))^1.5) % gravity on P3
%
FORCE(P4,-mu*M4*p_E_P4>/(dot(p_E_P4>,p_E_P4>))^1.5) % gravity on P4
%































FORCE(P4/P5,(-K*stretch4-C*stretch4’)*uvec4>) % spring force between P4,P5
%
% electrodynamic forces
constants B0,Re,mue,gamma,delta % mue is electromagnetic constant for earth
%
frames I,J
simprot(N,I,3,gamma*t) % I fixed in earth spinning with rate gamma
simprot(I,J,2,delta) % J3 along earth’s magnetic axis of tilt delta
%
constants Iamp


















FORCE(P2,0.5*(fm1>+fm2>)) % electrodynamic force on P2
%











KANE() % Kane’s Equations of Motion
%
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